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Interfacial roughness parameters and lattice strain of Si0.4Ge0.6 films with varying thickness
epitaxially grown on Si~100! were determined using the techniques of grazing-incidence x-ray
scattering and diffraction. The roughness of both the buried interface and sample surface follows a
similar power-law scaling behavior with an exponent b around 0.71 for films below the critical
thickness, and it undergoes a large change above the critical thickness. Observation of such a scaling
law thus establishes a quantitative correlation between the interfacial roughness and lattice strain,
and also allows the prediction of interfacial roughness as a function of film thickness of this
compound. © 1995 American Institute of Physics.Understanding the morphology of interfaces is one of the
most challenging problems in the study of layered semicon-
ductors. The presence of interfacial roughness and strain are
inevitable during the formation of a boundary between two
different media. For heteroepitaxial growth of semiconductor
layered structures by molecular beam epitaxy ~MBE!, an un-
derstanding of the interfacial roughness as well as its corre-
lation with film thickness or coherent strain is particularly
important, these conditions may play a pivotal role in con-
trolling the overall quality of the layered structure and device
performance. It is highly desirable to find a functional form
of the interfacial roughness in terms of the epilayer thickness
or lattice strain, which may allow the prediction of roughness
parameters under different processing conditions.
Although various factors can affect the formation of an
interface in heteroepitaxial growth, many different types of
solid interfaces are known to be compatible with a self-affine
surface structure as defined by Mandelbrodt in terms of frac-
tional Brownian motion.1 More recently, important progress
has been made in the dynamic scaling approach; applications
of these results to the study of epitaxial growth are quite
successful.2–8 A surface roughness parameter s ~sometimes
also called interface width! can be defined to account for the
root-mean-square ~rms! height fluctuations during the growth
and evolution of an interface. In the absence of any charac-
teristic length scale, the roughness parameter s is expected to
grow with some power of time with a scaling exponent b as2
s~ t !5^@h~x ,y ,t !2h¯#2&xy;tb, ~1!
where x and y are the coordinates of position in the epilayer
plane, t is the deposition time, h(x , y , t) is the height of
surface at position x,y, and time t, h¯ is the mean height of the
interface at time t averaged over the epilayer surface. For the
case of a steady-state MBE growth in the present experiment,
the deposition time is directly proportional to the epilayer
thickness. Theoretical calculation of the exponent b will nec-
essarily depend on the modeling of the dynamics which
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experimental determination of this exponent is very impor-
tant, not only for the practical interest of characterizing the
interfacial roughness but also for assessing the validity of the
theoretical models.
Recently several models have been proposed to describe
the growth dynamics in the MBE processes.3 Calculations
and simulations based on these models have predicted differ-
ent values for the scaling exponent of surface roughness. The
predicted exponent b is usually below 1/3.3 In the previous
experiments of roughness scaling,4–7 b has been found to fall
in a wide range between 0.2 and 1. Collins et al. observed
0.6,b,1 for the growth of plasma polymer films at differ-
ent deposition rates.4 He et al. obtained b50.22 for Fe on
Fe~001!.5 Ernst et al. observed b50.26 and 0.56 for Cu on
Cu~100! at growth temperatures of 160 and 200 K,
respectively.6 You et al. obtained b50.40 and 0.42 for Au
films grown on Si~111! at temperatures 300 and 220 K,
respectively.7 The diversity of these measured values of b
indicates that the growth dynamics are quite complicated for
different material systems or with different surface diffusion/
relaxation mechanisms.8 To the best of our knowledge, there
has been no prior experimental studies of this power-law
scaling and exponent in heteroepitaxial growth of semicon-
ductor compounds.
In this letter, we report results of x-ray scattering experi-
ments to investigate the scaling behavior of interfacial
roughness in compound semiconductors grown by MBE. The
SiGe system was chosen for this purpose because of practical
interests in this material for device applications and also in
light of the fact that highly smooth interfaces with coherent
strain can indeed be grown by MBE, as found in our earlier
experiments.9 In addition, variation of Ge concentration in
the alloys can afford a means to ‘‘fine tune’’ its lattice mis-
match with the Si substrates. For the present x-ray study,
Si0.4Ge0.6 epilayers with varying thickness on Si~100! were
used so that a coherent strain can exist in the system within
a reasonable range of thickness variation below the critical
thickness. In comparison with other methods for interfacial62929/3/$6.00 © 1995 American Institute of Physics
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ing ~GIXS! measurements are uniquely suited for determin-
ing a global average of the interfacial roughness of buried
interfaces underneath the sample surface. This method is
highly accurate and nondestructive.
The experimental setup and detailed procedures for the
determination of interfacial roughness have been reported
elsewhere.9 Single layer Si0.4Ge0.6 samples were grown on
Si~100! substrates by MBE. The growth temperature of these
layers was about 500 °C at a growth pressure of ;4
31029 Torr. The nominal thickness of these samples was
varied in a range between 20 and 300 Å during growth,
which covers both regions of pseudomorphic growth and lat-
tice relaxation.
X-ray diffraction patterns are shown in Fig. 1. The
Si~004! substrate peak is shown in the figure at the zero
angle difference with a resolution-limited width. In addition,
a broad peak arising from the epilayer of Si0.4Ge0.6 is present
at a lower angle. As expected, the position of the epilayer
diffraction peak shows that its lattice spacing in the normal
direction is larger than that of the substrate. For the thinnest
~20 Å! sample studied, the diffraction peak due to the film is,
however, beyond the detection limit of our instrumentation.
The film diffraction peak remains at practically the same
position for films with thickness up to 120 Å. The large
change of the peak position observed for the 300 Å sample
shows that its lattice spacing has become smaller than the
other samples, as a result of lattice relaxation. The lattice
spacing in the perpendicular direction derived from these dif-
FIG. 1. Measured diffraction patterns for Si0.4Ge0.6 epilayers grown on
Si~100!. The nominal thickness for each sample is indicated in the figure.
The curves for different samples have been shifted vertically for the sake of
clarity. Inset: lattice spacing in perpendicular direction as a function of film
thickness ~solid squares!. The dotted line is the lattice spacing for unstrained
Si0.4Ge0.6 alloys, and the solid line is a theoretical calculation of the corre-
sponding lattice spacing for strained Si0.4Ge0.6 films on Si~100!.630 Appl. Phys. Lett., Vol. 67, No. 5, 31 July 1995
aded¬23¬Dec¬2010¬to¬140.114.136.40.¬Redistribution¬subject¬to¬AIPfraction patterns are shown in the inset of Fig. 1 as a function
of layer thickness ~solid squares!. For comparison, the lattice
constant of an unstrained ~lattice relaxed! Si0.4Ge0.6 alloy is
shown in the same figure ~dotted line!. Because of the aniso-
tropic strains present in the film during pseudomorphic
growth, the vertical lattice spacing is anticipated to be larger
than that of the unstrained Si0.4Ge0.6 alloy. A simple theoreti-
cal calculation of the perpendicular lattice spacing10 for co-
herently strained Si0.4Ge0.6 thin films on Si~100! based on the
anisotropic strain tensor elements11 is also shown in the inset
of Fig. 1 ~solid line!, where values of the elastic moduli of
Si0.4Ge0.6 used in this calculation were obtained from a linear
interpolation of the tabulated values for Si and Ge.12
The calculated lattice spacing in the perpendicular direc-
tion is in reasonable agreement with our experimental results
for films with thickness up to 120 Å. The rapid decrease in
perpendicular lattice spacing of the 300 Å film apparently
indicates that it has already exceeded the actual critical
thickness13 as a result of lattice relaxation. Consequently, the
tetragonal lattice distortion will be relaxed to form a cubic
structure, and the vertical lattice spacing in the relaxed film
becomes smaller than that of the strained films. This result
shows that the critical thickness for Si0.4Ge0.6 films on
Si~100! lies somewhere between 120 and 300 Å.
The interfacial roughness parameters were determined
from GIXS studies. The measured specular reflectivity data,
corrected by subtracting out the longitudinal diffuse scatter-
ing background,9 are shown in Fig. 2~a! ~circles!. The solid
lines in this figure are theoretical calculations of x-ray
reflectivity.9 As can be seen from the close fit in Fig. 2~a!, the
theoretical calculations and experimental data are in excel-
lent agreement.
Values of surface roughness ~solid squares! and buried
interfacial roughness ~solid circles! deduced from the reflec-
tivity data are shown in Fig. 2~b! as a function of epilayer
thickness. The uncertainty in these roughness parameters is
estimated to be around 1 Å. The solid line in Fig. 2~b! is a fit
of the rms surface roughness with the power-law scaling
given in Eq. ~1! for film thickness up to 120 Å. The value of
b is found to be 0.7160.07 for our samples. On the basis of
the dynamical scaling approach,2–8 this may be taken as an
indication of the occurrence of kinetic roughening in the
Si0.4Ge0.6 films. It should be noted that the surface roughness
of a film beyond the critical thickness cannot be described by
the same power-law scaling. This result suggests that the
morphology of the surface has undergone a significant
change when the critical thickness is exceeded.
It is also interesting to note that the interfacial roughness
of these films could be described by a similar power-law
scaling. The dashed line in Fig. 2~b! is a calculation of the
interfacial roughness, using the same scaling law as for the
surface roughness. This scaling behavior suggests that simi-
lar microstructures could be responsible for the rms rough-
ness of both the surface and interface, most probably caused
by microstructure propagation from the substrate throughout
the entire epilayer. However, a significant deviation from the
power-law scaling behavior occurs for the interfacial rough-
ness in the 120 Å film, before the top surface roughness
shows lattice relaxation. This could imply that structuralMing et al.
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fully relaxed, possibly resulting from the appearance of mis-
fit dislocations at the interface which could compensate for
some of the strain energy. Hence, the requirement for a
smooth interface is more stringent than for the film surface.
Measurements of the power-law scaling, and/or deviations
thereof, could thus serve as a useful precursor for detecting
microstructural changes in the interfaces.
The value of exponent b50.71 measured in our experi-
ments is invariably different from those obtained in most of
the previous experiments4–7 and theoretical predictions, ex-
cept for the case of plasma polymer films4 where values of
0.6,b,1 were deduced. Our value of exponent b larger
than theoretical predictions could be interpreted as a result of
instabilities in MBE growth, as suggested by recent studies
of the effect of asymmetry in the vertical and horizontal dif-
fusion, i.e., Schwoebel barrier.14 Based on growth models
and simulations,15,16 the existence of a Schwoebel barrier
could cause instable growth and the induced roughness is
proportional to time15 ~i.e., b51!. Therefore the instability
due to a Schwoebel barrier usually tends to increase the
value of b. In the Cu growth studied by Ernst et al.6 an
increase in b value due to a Schwoebel barrier was actually
observed. On the other hand, the low values of b below ours
were mainly found in homoepitaxial growth where neither
FIG. 2. ~a! Results of specular reflectivity for Si0.4Ge0.6 films on Si~100!
~circles!. The nominal thickness is indicated for each sample. Solid lines are
theoretical calculations. The curves for different samples have been shifted
vertically for the sake of clarity. ~b! Results of surface roughness ~solid
squares! and buried interfacial roughness ~solid circles! as a function of
epilayer thickness. Solid line is a theoretical fit of the surface roughness to
power-law scaling Eq. ~1! with an exponent b50.71. Dashed line is a simi-
lar theoretical calculation of the interfacial roughness to power-law scaling
with the same exponent.Appl. Phys. Lett., Vol. 67, No. 5, 31 July 1995
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lieved that the coherent strain due to lattice mismatch in the
heteroepitaxial films could also provide another factor for
unstable growth and it should play a very important role in
controlling the morphology and microstructures of the sur-
face and interface. This view is also supported by the ob-
served deviation of power-law scaling as the layer thickness
approaches the critical thickness. Moreover, the presence of
coherent strain could also provide a pinning force during the
epitaxial growth and the constituent atoms were not allowed
to relax or diffuse freely. The pinning mechanisms were not
explored in the theoretical predictions.
In conclusion, our x-ray results have provided first evi-
dence for power-law scaling of the rms roughness of buried
interfaces in semiconductor heterostructures. Both the sur-
face and interface rms roughness as a function of epilayer
thickness follow a similar scaling law when the films are
coherently strained. The strain condition in the films has a
profound effect on the microstructures of the surface and
interface. When the critical thickness is exceeded, the scaling
behavior of the buried interfacial roughness breaks down be-
fore the film is fully relaxed, thereby indicating a significant
change in the microstructures and morphology of the buried
interface.
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